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The local onset of convection in water generated by vertical heated plate is 
examined. It is generally accepted that the occurrence of buoyancy convection can be 
predicted using well known conventional critical Rayleigh number derived by Lord 
Rayleigh (1916). However, the development of local transient instability is less well 
understood for fluids suddenly heated by vertical heating plate. In this work, the 
correlation between local onset of convection and distance from the leading-edge has 
been derived and has allowed the tracking of local critical time along the heating 
plate. 
 
 
Patterson et al. (2002) experiments have been reproduced based on Constant Heat 
Flux (CHF) boundary condition. Experiments of Patterson et al. (2002) have shown 
that the local onset of convection occurred at the departure from the initial heat 
 ii
conduction temperature profile. The characteristic of temperature profile along the 
vertical heated plate for x-axis and y-axis have been studied to determine the 
correlation between the local onset of convection and the distance from the leading-
edge along the heating plate. Subsequently, simulations under different vertical 
heated plate lengths and heat fluxes have been simulated to study the effect for both 
of these conditions. 
 
 
A computational fluid dynamics (CFD) software, Fluent 6.0 is used in this study to 
solve the governing partial differential equations for heat transfer using finite volume 
technique under various heat fluxes and plate lengths. 2D-time simulations were 
conducted for constant heat flux (CHF) boundary conditions. Various heat fluxes and 
plate lengths were applied and the effects were investigated. The mechanism of the 
local onset of convection by the vertical heating plate was observed. The temperature 
profiles, velocity magnitude and heat transfer coefficient versus time were plotted to 
detect the local onset of convection. The newly derived correlation of local onset of 
convection was incorporated in this study to predict the local critical time and 
compare with the simulated results. 
 
 
It is observed that the local critical Rayleigh number is consistent with respect to 
their location and is independent of heating plate length. The local critical time is 
earlier as the heat flux is increased under the same heating plate length. 
 
 
 iii
Approximately 280 simulations were conducted and most of these simulated local 
critical Rayleigh number were in good agreement with the predicted value using the 
newly derived equation. 
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Permulaan konveksi tempatan di dalam air disebabkan pemanasan plat tegak telah 
dikaji. Adalah diterima secara keseluruhan bahawa pengapungan konveksi boleh 
diketahui dengan penggunaan nombor genting Rayleigh daripada Lord Rayleigh 
(1916). Tetapi, pembangunan kestabilan tempatan masih belum difahami dengan 
sepenuhnya terutamanya bagi cecair yang tiba-tiba dipanasi plat tegak panas. Dalam 
kajian ini, perhubungan antara permulaan konveksi tempatan dengan jarak dari 
“leading-edge” telah dikaji dan dengan ini masa genting tempatan di atas plat panas 
dapat ditentukan. 
 
 
Simulasi eksperimen Patterson et al. (2002) telah diulangi dalam keadaan pemanasan 
haba adalah malar (CHF) telah dijalankan. Eksperimen yang dilakukan oleh 
Patterson et al. (2002) menunjukkan konveksi bermula apabila konduksi berlepas 
daripada profil suhu. Corak suhu mengikut masa telah dijalankan pada tempat-tempat 
 v
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berdekatan plat tegak iaitu paksi-x dan paksi-y. Akhirnya, simulasi telah dilakukan 
untuk mengkaji pengaruh kepanjangan plat dan flux haba yang berbeza. 
 
 
Perisian komputer bendalir, Fluent 6.0 telah digunakan dalam kajian ini untuk 
menyelesaikan masalah matematik pemindahan haba menggunakan cara had isipadu 
dalam keadaan flux haba dan plat yang berbeza.  Simulasi dalam bentuk 2-D telah 
dijalankan dalam bentuk berkeadaan tidak stabil di mana pemanasan haba adalah 
malar (CHF) di sempadan. Pengaruh bagi simulasi bagi berbagai jenis flux haba dan 
panjang plat yang berbeza telah telah dikaji dan mekanisme permulaan konveksi 
dalam simulasi telah diperhatikan. Profil suhu digunakan untuk menentukan masa di 
mana konveksi bermula. Pembentukan persamaan baru untuk menentukan permulaan 
konveksi tempatan telah digunakan dalam kajian ini dan dibanding dengan nilai yang 
dihasil daripada simulasi. 
 
 
Adalah didapati, simulasi pemanasan plat tegak menunjukkan nilai kritikal tempatan 
Rayleigh adalah sama mengikut lokasi dan tidak bergantung pada kepanjangan plat 
yang digunakan. Selain itu, masa kritikal adalah lebih cepat apabila flux haba 
ditingkatkan bagi panjang plat pemanas yang sama. 
 
 
Sebanyak 280 simulasi telah dijalankan dan purata hasil simulasi yang diperolehi 
memberi keputusan yang memuaskan berbanding dengan nilai yang dihasilkan 
daripada persamaan yang baru dibentukkan. 
ACKNOWLEDGEMENTS 
 
First of all, I would like to take this opportunity to express my deepest gratefulness 
and thank to the ex-chairman of supervisory committee, Professor Dr. Ir. Tan Ka 
Kheng, for his invaluable advice, enormous support and generous advice in 
completing this research. 
 
 
Besides, I would also like to thank the chairman of my current supervisory 
committee Assoc. Prof. Dr. Thomas Choong Shean Yaw, committee Assoc. Prof. Dr. 
Luqman Chuah Bin Abdullah, my friends Mr. Tan Yee Wan and Miss Davina for 
their invaluable advice and guidance in helping to materialize this thesis. 
 
 
My love and appreciation to my family, especially my parents for their financial 
support in completing this program. Last but not least to my friends who have 
supported me all this while. 
 
 
Thank you!! 
 
 vii
I certify that an Examination Committee has met on 15th June 2007 to conduct the 
final examination of Ngeow Yen Wan on his Master of Science thesis entitled 
"Prediction of Critical Values for Onset of Convection by Vertical Heated Plate in 
Water Under Constant Heat Flux Condition" in accordance with Universiti Pertanian 
Malaysia (Higher Degree) Act 1980 and Universiti Pertanian Malaysia (Higher 
Degree) Regulations 1981. The Committee recommends that the student be awarded 
the degree of Master of Science.  
Members of the Examination Committee were as follows: 
Megat Mohamad Hamdan Megat Ahmad, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Chairman) 
 
Siti Aslina, PhD 
Lecturer 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Suraya, PhD 
Lecturer 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Wang Chi-Hwa, PhD 
Associate Professor 
Faculty of Engineering 
National University of Singapore 
(External Examiner) 
 
 
__________________________________ 
HASANAH MOHD GHAZALI, PhD 
Professor and Deputy Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
 
Date: 27th September 2007 
 
 
 
 
 
 
 viii
This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfilment of the requirements for the degree of Master of Science. The 
members of the Supervisory Committee were as follows: 
 
 
 
 
Thomas Choong Shean Yaw, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Chairman) 
 
 
Luqman Chuah Abdullah, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
________________________ 
AINI IDERIS, PhD 
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia  
 
Date: 15th November 2007 
 
 
 
 
 
 
 
 
 
 ix
 x
DECLARATION  
 
I hereby declare that the thesis is based on my original work except for quotations 
and citations which have been duly acknowledged. I also declare that it has not been 
previously or concurrently submitted for any other degree at UPM or other 
institutions. 
 
 
 
 
 
__________________ 
NGEOW YEN WAN 
 
Date: 1st September 2007 
 
TABLE OF CONTENTS 
 
 
ABSTRACT 
ABSTRAK 
ACKNOWLEDGEMENTS 
APPROVAL 
DECLARATION 
LIST OF TABLES 
LIST OF FIGURES 
LIST OF ABBREVATIONS 
 
CHAPTER  
 
1 INTRODUCTION 
 
2 LITERATURE REVIEW 
 Introduction 
 Rayleigh Number 
 Natural Convection of Fluid Heated by a Vertical Plate and the 
Leading-Edge Effect (LEE) 
 Thermal Boundary Layer Flow Development 
 Computational Fluids Dynamics Studies in Vertical Heated Plate 
 Overview 
 
3 THEORY 
 Introduction 
 Theory of Transient Convection and Instabilities 
 Equations for Newtonian Liquid under CHF Boundary Condition 
 Overview 
 
4 METHODOLOGY 
 Introduction 
 Overall Solution Algorithm 
 Velocity Formulation 
 Domain Setting 
 Fluids Properties (Water) 
 Locating Onset of Convection 
 Overview 
 
 
 
5 RESULTS AND DISCUSSIONS 
 Introduction 
 Page
ii 
iv 
vii 
viii 
x 
xiii 
xv 
xviii 
 
 
 
1 
 
 
6 
6 
6 
11 
 
16 
23 
 
26 
 
 
28 
28 
29 
30 
 
33 
 
 
34 
34 
34 
36 
37 
40 
40 
42 
 
 
 
 
 
 
 xi
 xii
 Simulation on Patterson et al. (2002) 
 Temperature Profiles Along x-axis 
 Analysis of Correlation Between Local Onset of Convection and 
Distance from the Leading-edge 
 Local Onset of Convection for Various Length of Vertical Heated Plate 
under CHF Boundary Condition  
 Local Onset of Convection Caused by Various Heat Fluxes 
 Local Critical Rayleigh Number 
 Velocity Magnitude 
 Development of Boundary Layer 
 Effect of Domain Aspect Ratio 
 
6 CONCLUSIONS AND RECOMMENDATIONS 
 
 
REFERENCES 
APPENDICES 
BIODATA OF THE AUTHOR 
 
43 
43 
44 
46 
48 
 
53 
 
57 
60 
64 
67 
73 
 
 
77 
 
 
81 
85 
114 
 
 
 
 
 
LIST OF TABLES 
 
Table 
 
 
  Page 
 
2.1  The critical Rayleigh numbers for various boundary conditions 
for linear temperature gradient (From Sparrow et al., 1964). 
 
 
 
 
8 
2.2 Patterson et al. (2002) experimental results. 
 
 
 14 
4.1 Simulation setup for two-dimensional unsteady-state 
simulations. 
 
 
 39 
4.2 Thermo physical properties of saturated water (Incropera and 
Dewitt, 2002). 
 
 
 40 
5.1 Local critical time and critical Rayleigh number as a function 
of distance from the leading-edge. 
 
 
 50 
5.2 Comparison of predicted and simulated t for various plate 
lengths at q0 = 500 W/m2 and T0 = 298 K. 
c
 
 
 
 
54 
5.3 Simulated critical times compared to predicted values under 
various heat fluxes for T0 = 298 K and y = 4.0 cm. 
 
 
 
 
57 
5.4 The local critical Rayleigh number at the onset of convection 
for CHF boundary conditions under various plate lengths for 
q0 = 500 W/m2. 
 
 
 61 
5.5 The local critical Rayleigh number at y = 4.0 cm from the 
leading-edge for CHF boundary conditions under various plate 
lengths and heat fluxes. 
 
 
 62 
5.6 Stages of boundary layer development. 
 
 
 
 68 
xiii 
xiv 
5.7 Comparison of simulated results for different domain settings 
for q0 = 426 W/m2 for 24 cm heating plates. 
 
 
 
 
73 
 
LIST OF FIGURES 
 
Figure 
 
 
  Page 
 
1.1 Schematic diagram of vertical flat plate boundary layer. 
 
 
 1 
2.1 Formation of thermal boundary layer with obstruction by Xu et 
al. (2006); a) t = 9 s, b) t = 9 s, c) t = 11 s, d) t = 13 s and t = 
15 s. 
 
 
 9 
2.2 Experimental setup by Patterson et al. (2002). 
 
 
 13 
2.3 Typical temperature profile measured by a thermistor in the 
boundary layer at specific location for experiment 22, 
Patterson et al. (2002). 
 
 
 15 
2.4 Temperature time series measured by Jeevaraj and Patterson 
(1992) with Pr = 13. 
 
 
 17 
2.5 Temperature time series measured by Jeevaraj and Patterson 
(1992) with Pr = 234. 
 
 
 18 
2.6 Experimental setup by Xu et al. (2005). 
 
 
 19 
2.7 Formation of thermal boundary layer development by Xu et al. 
(2005); a) t = 4 s, b) t = 8 s, c) t = 12 s, d) t = 16 s, e) t = 20 s 
and f) t = 24 s. 
 
 
 20 
2.8 Isotherms base on boundary layer assumption for Pr = 0.72 
from Wright and Gebhart (1994). 
 
 
 21 
2.9 Streamline contour of rectangular glazing cavity at various 
orientations by Yang (2003). 
 
 
 
 25 
xv 
3.1 A model on vertical heated plate. 
 
 
 28 
4.1 Overview of the segregated solution method. 
 
 
 36 
4.2 Dimension setting for vertical heating plate model. 
 
 
 
 
37 
4.3 Grid setting of 5 cm vertical heating plate model. 
 
 
 38 
4.4 Locating the onset of convection from graph TΔ  versus t
TΔ
. 
 
 
 41 
5.1 Temperature profile for simulation of Patterson et al. (2002) 
experiment 22. 
 
 
 45 
5.2 Temperature profiles obtained at various points along x-axis 
for 4.0 cm from the leading-edge for simulation of Patterson et 
al. (2002) experiment 22. 
 
 
 46 
5.3 Graph versus time t  at various points along y-axis.  The 
simulation conditions are based on  Patterson et al. (2002) 
experiment 22. 
 
 
 48 
5.4 Local critical Rayleigh number versus distance from leading-
edge for Patterson et al. (2002) experiment 22. 
 
 
 51 
5.5 Simulated velocity magnitudes for q0 = 500 W/m2. 
 
 
 64 
5.6 Velocity vector coloured by velocity magnitude after the onset 
of convection for Patterson et al. (2002) experiment 22. 
 
 
 66 
5.7 Development of thermal layer on a heated vertical plate under 
steady-state convection. 
 
 
 
 
 67 
xvi 
xvii 
5.8 Thermal layer development under unsteady-state CHF vertical 
heating at q0 = 500 W/m2 and L = 5 cm. 
 
 
 70 
5.9 Velocity contours under unsteady-state CHF vertical plate 
heating at q0 = 500 W/m2 and L= 5 cm. 
 
 
 71 
5.10 Velocity vectors under unsteady-state CHF vertical plate 
heating at q0 = 500 W/m2 and L= 5 cm. 
 
 
 72 
5.11 Temperature contour and velocity vector coloured by velocity 
magnitude at 14 s for 24 cm vertical heating plate for domain 
aspect ratio of 40:5. 
 
 
 
 
74 
5.12 Temperature contour for 24 cm vertical heating plate with 
aspect ratio of 40:5. 
 
 
 75 
5.13 Velocity vectors for 24 cm vertical heating plate with aspect 
ratio of 40:5. 
 
 
 76 
 
LIST OF ABBREVATIONS 
 
Nomenclature 
Bi Biot number  
cp Specific heat, J/ kg. K 
d Lateral depth, m 
F External force, N 
g Gravity acceleration, m/s2 
h Heat transfer coefficient, W/ m. K 
k Thermal conductivity, W.m/ K 
L Plate Length, m 
Pr Prandtl number 
qo Constant surface heat flux (W/ m2) 
Ra Rayleigh number 
Rac Critical Rayleigh number 
Ramax Maximum transient Rayleigh number 
Sh Enthalpy, J 
T Temperature, K 
T0 Initial temperature, K 
Ts Surface Temperature, K 
ΔT Temperature different, K 
t Time, s 
tc Critical time, s 
Δt Time step, s 
u Velocity, m/s 
 xviii
^ν  Velocity Scale of Traveling Wave, m/s 
vadv Boundary layer velocity, m/s 
x Distance from surface of heating plate, cm 
X Horizontal length of computational domain, m 
y Distance from leading-edge, m 
Y Vertical height of computational domain, m 
z Penetration depth of thermal layer, m 
zmax Maximum depth of penetration, m 
 
Greek symbols 
a Volumetric coefficient of thermal expansion, K-1 
β Constant temperature gradient, K/ m 
δ Boundary layer thickness, m 
δe Thickness of effective thermal layer, m 
κ Thermal diffusivity, m2/ s 
μ Viscosity, Pa. s 
ν Kinematics viscosity, m2/ s 
ρ Density, kg/ m3 
τ non-dimensional time 
 
Subscripts 
c Critical 
0 Initial 
s Surface 
max maximum 
 xix
 xx
Abbreviations 
CFD Computational Fluid Dynamics 
CHF Constant Heat Flux 
FST Fixed Surface Temperature 
LEE Leading-Edge Effect 
SIMPLE Semi-Implicit Method for Pressure-Linked Equations 
 
CHAPTER 1 
INTRODUCTION 
 
Heat transfer continues to be a fertile area due to its application in several fields, which 
includes the cooling system for electronics appliances, refrigerators, packaging for 
electronic industries, chiller system, geotechnical engineering and solar collector. Free 
convection plays a significant role as one of the mode of heat transfer. The classical 
interest of free convection is the study of a semi-infinite wall which is initially having 
the same temperature as the ambient fluid; the wall is suddenly heated, either by 
imposing of constant heat flux or rise in the wall temperature. Figure 1.1 shows the 
schematic diagram of a vertical heated wall boundary layer. 
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Figure 1.1: Schematic diagram of a vertical heated wall boundary layer. 
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The local onset of convection induce by transient heat conduction has been described in 
the following terms: at any fixed position on the plate, the flow is initially described as 
one dimensional and unsteady, as though the plate is doubly infinite; at some time later, 
over a non zero period of time, which depends on the position, a transition occurs in the 
flow, known as the leading-edge effect (LEE), and the flow becomes two dimensional 
and steady (Ostrach, 1964). 
 
 
Lord Rayleigh (1916) derived a criterion for the onset of buoyancy convection in a fluid 
layer bounded by two free surfaces. Spangenberg and Rowland (1961) through their 
experimental studies have found that the onset of convection is independent of the depth 
of the water which is also confirmed by Foster (1965). Tan and Thorpe (1996, 1999a) 
have shown that the local onset of the transient instability and convection in horizontal 
deep fluids can be characterized by transient Rayleigh number that is dependent upon 
the Biot number of the interface. They derived equations for the prediction of the critical 
time and critical depth which were successfully applied for horizontal heating plate. This 
research aims to derive the correlation of local onset of convection for a vertical heating 
plate under constant heat flux (CHF) boundary condition and to verify the theory using 
Computational Fluids Dynamics (CFD) simulation. 
 
 
Patterson et al. (2002) attempted to determine the transition of the unsteady-state heat 
conduction in a semi-infinite fluid from a vertical plate and the LEE by relating it to the 
traveling waves on the boundary layer. They claimed that their experimental findings at 
2 
